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I. Abstract 
 Sinorhizobium meliloti is a root-nodulating soil bacterium that is agriculturally important 
due to its ability to synthesize NH3 from N2 through the process of nitrogen fixation.
1 To 
effectively harness S. meliloti's nitrogen-fixing ability, rhizobial metabolism of carbon sources 
found in the soil must be understood. Understanding how S. meliloti metabolizes cellobiose is 
important because cellobiose is a degradation product of the cellulose found in plant walls and 
cellulose is found in high concentrations in the soil.2,3 Growth on cellobiose was completely 
eliminated in constructed double mutant strains lacking a β-glucosidase and another unidentified 
gene implicated in cellobiose metabolism, showing dependence of growth on cellobiose on the 
two pathways involved. Activity assays using PNP-β-glucose and ATP were conducted on 
wildtype and β-glucosidase lacking strains and preliminary evidence was found suggesting that 
one pathway responsible for growth on cellobiose include a kinase and a phosphocellobiosidase, 
which are both induced by cellobiose. Increased β-glucosidase activity was observed in 
cellobiose-grown wild-type S. meliloti, suggesting that the β-glucosidase may also be induced by 
cellobiose. These results provide evidence that S. meliloti utilizes at least two pathways to 
metabolize cellobiose. Additionally, evidence was found against pathways of metabolism that 
involve oxidation of cellobiose or cleavage by a phosphorylase. 
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II. Introduction 
 Sinorhizobium meliloti is one of many soil-dwelling bacteria that are able to form a 
symbiotic relationship with leguminous plant species such as alfalfa.1  Interactions between S. 
meliloti and the plant results in nodulation, or the formation of an outgrowth where the bacteria 
can thrive, on the plant roots.4 This creates an environment, the nodule, where S. meliloti can 
differentiate and fix nitrogen to provide to the plant. As a result, there are three main 
environments in the soil where S. meliloti can be found: the bulk soil, the rhizosphere, and the 
nodules on plant roots (Figure 1). These three environments are generally characterized by their 
proximity and location with respect to the plant and have different nutrient compositions, which 
affect the growth of S. meliloti.1,4 In the bulk soil, which is the majority of the soil environments, 
there is a scarcity of nutrients which results in almost no growth or proliferation of S. meliloti. In 
contrast, the rhizosphere and the nodules are nutrient-rich environments where bacteria can 
thrive.5 
 
Figure 1. Diagram depicting general locations of the bulk soil, rhizosphere, and nodules.5 
 In the nodules, S. meliloti is able to take elemental nitrogen (N2), which is mostly inert, 
from the atmosphere and convert it to ammonia (NH3), which is a form of nitrogen that is usable 
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by plants (Reaction 1). Because ammonia is a nutrient that can be taken up and used by plants, it 
is a major component of many plant fertilizers. To synthesize the ammonia for fertilizer, nitrogen 
and hydrogen gas are reacted at high temperature and pressure using a metal catalyst in a 
reaction called the Haber-Bosch process (Reaction 2). Compared to the production of synthetic 
ammonia for use in fertilizer, utilizing bacteria to fix nitrogen incurs almost none of the 
monetary cost that would be required by industrial processes.4 
                 N2 + 8 H
+ + 8 e− + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi                   (1) 
                                                   N2 + 3 H2 → 2 NH3                                                         (2) 
 Additionally, using synthetic fertilizers creates the risk of over-fertilization, which can 
result in negative environmental impacts when excess fertilizer enters freshwater bodies such as 
lakes or streams through runoff. In contrast, the amount of ammonia produced through rhizobial 
nitrogen fixation is harmless to the environment, but has been shown to effectively provide the 
necessary amount of ammonia during crop rotations.4 Because of these advantages, using S. 
meliloti in order to provide nitrogen to plants is beneficial when compared to industrial methods. 
 Before S. meliloti can be effectively utilized to provide ammonia to plants, it must be able 
to successfully nodulate the roots of alfalfa. In order to do this, S. meliloti must compete with 
other bacteria in the rhizosphere in order to establish its growth. For S. meliloti to be competitive 
against other bacteria, it must be able to competitively grow using nutrients present in the 
rhizosphere. This growth can be optimized if the biochemistry of S. meliloti’s carbon metabolism 
in the rhizosphere is understood. Understanding how S. meliloti uses available carbon to grow is 
the larger goal of this research.  
 In the rhizosphere, nutrients such as saccharides and small organic molecules are 
supplied in secretions from the plants, as well as the components of plant cells themselves after 
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they slough off and break down.5 One of the most abundant saccharides found in the rhizosphere 
is cellulose, a polysaccharide chain consisting of hundreds to thousands of glucose monomers 
linked together by β-glycosidic bonds.2 Cellulose is a major component of plant cell walls, so the 
degradation of plants cells results in large amounts of cellulose being introduced into the 
rhizosphere (Figure 2).2,3  
 
Figure 2. Cross-section of a general plant cell wall containing 
layers of cellulose cross-linked by hemicelluloses.6 
 
Cellulose is further broken down by bacterial and fungal cellulases into shorter units of multiple 
glucoses. The disaccharide of two glucose monomers, cellobiose, is of interest because S. 
meliloti is known to be able to grow on cellobiose.1 In cellobiose, the glucose monomers are 
linked by a β(14) glycosidic bond. This means that the linkage coming off the anomeric 
carbon of the glucose on the non-reducing end is cis to the methyl alcohol group on that glucose, 
and it is connected to the glucose on the reducing end through carbon 4 (Figure 3). Because 
cellobiose is derived from an abundant carbon source found in the rhizosphere, the focus of this 
work is on how S. meliloti metabolizes cellobiose. 
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A  
B  
Figure 3. Structures for (A) cellulose and (B) cellobiose.7,8 
 
 Despite knowledge of S. meliloti’s ability to metabolize cellobiose, how it does so has not 
been studied extensively, and there are many genes encoding catalytic enzymes whose function 
has not yet been determined in the genome.1,9 Despite this, it is known that S. meliloti’s central 
metabolism of glucose occurs through the Entner-Douderoff (ED) pathway, which takes in 
glucose and ultimately converts it to pyruvate through a series of enzyme-catalyzed steps 
(Figure 4).1 Because cellobiose is the disaccharide of two glucose monomers, the most 
straightforward method of its metabolism is to be broken down to glucose or glucose derivatives 
which would then be able to proceed through the ED pathway. In contrast to S. meliloti, many 
pathways of cellobiose metabolism have been studied in other bacterial and fungal species, and 
provide a starting point for determining the pathway of metabolism in S. meliloti.10,11,12,13
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Figure 4. The Entner-Douderoff pathway and other metabolic 
pathways that share common substrates or products.1 EMP: 
Embden-Meyerhoff-Parnas pathway. PP: Pentose Phosphate 
pathway. TCA: Tricarboxylic Acid cycle. 
 
 Four general pathways of cellobiose metabolism that ultimately resulted in the formation 
of glucose or glucose derivatives were found in bacterial and fungal species in the scientific 
literature. The identified pathways are outlined in Figure 5 and listed by the type of reactions 
that occur, the products that are created, and how those can be incorporated into the ED pathway. 
The most straightforward pathway involves the hydrolysis of cellobiose by a β-glucosidase to 
two glucose monomers. The other three pathways are similar in that cellobiose or a derivitized 
cellobiose is cleaved at the β-glycosidic bond. In the second potential pathway, observed in 
Cellulomonas uda, Clostridium thermocellum, and ruminal bacteria such as Prevotella 
ruminicola, cellobiose is cleaved by phosphorolysis, which requires the presence of some form 
of phosphate that would be attached to one of the resulting glucose molecules to form glucose-1-
phosphate.10,14,15 In the third possible pathway, a phosphate group is first attached to cellobiose 
by a kinase and then the resulting phosphocellobiose is cleaved to produce glucose and glucose-
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6-phosphate. This method has been observed in the species Streptococcus pneumoniae, 
Klebsiella pneumoniae, Aerobacter aerogenes and most likely many other species.11,16,17 The last 
possible pathway has been observed in Agrobacterium tumefaciens, a close relative of S. meliloti, 
and involves the oxidation of cellobiose to 3-keto-cellobiose, which would then be cleaved to 
form 3-keto-glucose and glucose.13,18 Although the presence of 3-keto-cellobiose had been 
observed in A. tumefaciens, the enzymes found were not solely responsible for the oxidation of 
cellobiose. Ampomah et al. and Hayano & Fukui found two different 3-ketodisaccharide forming 
systems, mainly metabolizing trehalose or sucrose, respectively.13,18 The only one shown to have 
activity on cellobiose was the 3-keto-sucrose forming pathway, but the presence of 3-
ketocellobiose was observed when the 3-keto-trehalose genes were induced, suggesting its 
involvement in cellobiose metabolism.13,18 Using the pathways observed in other species as a 
guide, the purpose of this work is to identify whether S. meliloti uses one of these pathways or a 
completely novel pathway in order to metabolize cellobiose. 
 
Figure 5. Pathways of cellobiose metabolism observed in bacterial and fungal species. 
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 Previously, work conducted by Kibitkin resulted in the identification of genes that may 
be involved in cellobiose metabolism.19 Part of Kibitkin’s work focused on the gene cluster 
Smc04260-Smc04251, which contained many putative genes that had not been previously 
identified (Figure 6).19 Through sequence analysis of the putative genes, she found that 
Smc04259 - Smc04256 was likely to encode an ABC transporter system, a type of transporter 
commonly used for uptake of organic molecules, while Smc04254 was somehow involved in 
carbohydrate metabolism.19 Additionally, slow growth of S. meliloti was observed when the 
sequences of Smc04259, Smc04254, or manB, a seemingly non-specific β-mannosidase, were 
disrupted.19 Despite this, many other factors seem to be contributing to cellobiose metabolism in 
S. meliloti and a clear pathway was not proposed.19 
 In another gene cluster, Smc03160-Smc03165, a probable β-glucosidase (Smc03160) and 
a probable oxidoreductase (Smc03161) were found, but their exact metabolic roles were not 
determined (Figure 6).19 Disruption of Smc03162 resulted in reduced growth on cellobiose, but 
it was ultimately concluded that cellobiose was metabolized independently of both of the clusters 
studied by Kibitkin.19 
A  
B  
Figure 6. Gene clusters studied by Kibitkin. (A) Smc04260-Smc04251 (B) Smc03160-
Smc03165.19 
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 Kibitkin provided much insight into the complexity of cellobiose metabolism in S. 
meliloti, and showed that there are many possible small contributors while acknowledging that 
there are likely other genes with greater involvement. This data reinforces the need to look at 
cellobiose metabolism from multiple angles along with different possible pathways. As opposed 
to the genetic approach taken by Kibitkin, this work primarily focuses on the biochemical aspect 
of cellobiose utilization and uses the growth and enzymatic activity of various S. meliloti strains 
to do so. For this work, the strains used include the wildtype (1021), and six mutagenized strains. 
Five of the mutant strains failed to grow on agar plates containing cellobiose (collectively 
“cellobiose-minus”), and one (131) contains a mutation that appears to eliminate a β-
glucosidase.20 To examine the growth of S. meliloti strains, cultures were grown up on the 
appropriate media, and the cell density, or turbidity, of each culture was measured. To measure 
the cell density, the instrument shines a wavelength of light through the tube containing the cell 
culture, which scatters the light depending on the concentration of cells. Because the light is 
scattered, less light is transmitted through to the detector and the instrument reads that as an 
absorbance of light by the sample, although it is not actually being absorbed. As the 
concentration of cells increases over the course of the growth, more light is scattered, so 
measuring the turbidity is an indicator of the growth of a given culture of cells on any specified 
media.  
 For the measurement of enzymatic activity, colorimetric assays are done using an 
artificial substrate. In the assay, the cells are initially lysed or made porous so the enzymes 
within the cell are exposed to the substrates. Methods that are used to accomplish this include 
incubating the cells with lysozyme in order to break down the cell wall and membranes, or 
adding toluene, a nonpolar solvent, or Triton-X-100, a detergent, in order to disrupt the cell 
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membrane. After treatment, the treated cells are added to a reaction mixture containing the 
substrates and incubated. The Miller assay is used to measure the activity of β-glucosidase in 
toluenized cells.21 This assay measures the amount of p-nitrophenolate (PNP) that is formed by 
the hydrolysis of p-nitrophenol-β-glucose (PNP-β-glc).21 PNP-β-glc is similar in structure to 
cellobiose in that they both have a glucose molecule linked by a β-glycosidic bond. The amount 
of PNP formed is measured by the change in absorbance at 405 nm using UV-Vis 
spectrophotometry since p-nitrophenolate absorbs light at a maximum of 405 nm, whereas the 
original substrate, PNP-β-glucose is colorless (Figure 7). This change can also be tracked visibly, 
since the formation of PNP causes the solution to turn yellow. By conducting this assay with or 
without the presence of phosphate, the methods of hydrolysis and phosphorolysis can be 
differentiated if the phosphorolysis is catalyzed using inorganic phosphate.  
 
Figure 7. Cleavage of p-nitrophenolate and glucose with or without the presence of 
phosphate as catalyzed by β-glucosidase. For hydrolysis, glucose is released, and for 
phosphorolysis, glucose-1-phosphate is released. 
 
 Another modification to the Miller assay substitutes the toluenization of the cells with 
lysis, which completely breaks the cell open as opposed to making the membrane more 
permeable. Along with the lysis of cells, ATP is added to the reaction mixture with the PNP-β-
glucose in a non-phosphate buffer to test for the pathway that involved the phosphorylation of 
cellobiose using a kinase, and then cleavage of that phosphocellobiose (Figure 8). With the 
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modifications to the Miller style assay, the activity of a pathway consisting of a kinase and a 
phosphocellobiosidase can be observed.  
 
Figure 8. The modified Miller assay for kinase and phosphocellobiosidase tests for the 
activity of a two-step process. 
 
 To quantify the amount of oxidase/dehydrogenase activity for the fourth possible method 
of cellobiose metabolism, 2,6-dichlorophenol indophenol (DCPIP) was used as a substrate along 
with cellobiose.22 In its oxidized form, DCPIP is a dark blue purple color, but it is colorless in its 
reduced form. During the reaction, as cellobiose is oxidized, DCPIP is reduced so the mixture 
becomes clearer over time. The disappearance of color can be measured by UV-Vis 
spectrophotometry at a wavelength of 600 nm.22 In summary, the presence of a pathway for 
cellobiose metabolism will be detected by conducting various assays tailored to measure the 
activity of the enzymes involved in those pathways. 
 Another technique that will be used to study cellobiose metabolism in S. meliloti is 
mutagenesis, which is the creation of mutant bacterial strains by disruption of a gene sequence 
that usually results in either a loss or gain in function of the gene. In this work, mutagenesis will 
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be conducted using the Tn5 transposon as well as transduction by the bacteriophage фM12, 
which will be explained shortly. The Tn5 transposon is a segment of DNA that is able to remove 
itself from a vector or genome through the use of the enzyme transposase and insert itself into 
another location in a genome. In Tn5 random mutagenesis, a strain of S. meliloti is mated with a 
strain of E. coli containing a plasmid that has the Tn5 transposon on it. During the mating, the E. 
coli cell transfers the plasmid over to the S. meliloti, and the Tn5 eventually incorporates itself 
into the S. meliloti genome by random insertion.23 Since the location of the insertions is random, 
this method of mutagenesis can result in many different types of mutant strains, so it is useful for 
generating mutants if the gene(s) responsible for a phenotype are unknown. Tn5 mutagenesis 
coupled with screening allows for mutants displaying qualities of interest to be found. For this 
work, a Tn5 mutagenesis was conducted in order to find mutant strains that were able to grow on 
cellobiose, but not on glucose since that would help answer the question of whether cellobiose 
metabolism in S. meliloti relied on its conversion to glucose or glucose derivatives.  
 A second type of strain creation that was done involves the use of the bacteriophage 
фM12, a virus that infects bacteria, to infect a strain of S. meliloti (Figure 9).24 Normally viruses 
replicate their own DNA and repackage it into the protein capsule, but sometimes DNA from the 
S. meliloti gets incorporated into the protein capsule instead. After the initial infection and phage 
creation, the phage is used to transduce the strain that the DNA would be incorporated into. As 
the cells in the second strain are exposed to the phage where some of the DNA has originated 
from the strain used to create the phage, recombination between homologous strands of DNA 
occurs. The recombinant mutants are then screened for expression of traits found in the donor 
strain and traits found in the recipient strain. This technique is useful for trying to incorporate a 
specific section of DNA from one strain into another, such as a mutated gene, because the 
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screening would be done using a trait such as antibiotic resistance that would have been used to 
select for the original mutants. In this work, phage transduction was used to create double 
mutants that contained the mutation from strain 131, the eliminated β-glucosidase, as well as a 
mutation from one of the cellobiose-minus strains in order to see whether removing the function 
of both of those genes would completely eliminate growth on cellobiose and activity on PNP-β-
Glc. 
 
 
Figure 9. Diagram of the фM12 phage transduction conducted in this work. 
 Through observing the growth of S. meliloti on cellobiose, this work presents results that 
the cellobiose-minus mutants show residual growth on cellobiose that cannot be attributed to 
reversion, or the ability to regain a function that has been lost due to a mutation. From this result, 
we concluded that multiple pathways of cellobiose metabolism were used by S. meliloti. 
Preliminary evidence from the activity assays conducted on strain 131 also suggest that the main 
enzymes responsible for growth on cellobiose are the kinase and phosphocellobiosidase, and that 
they are both induced by cellobiose. Additionally, the β-glucosidase present in strain 1021 was 
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observed to have increased activity on cellobiose, so it may be induced by cellobiose as well. 
Because the cellobiose-minus strains show residual growth on cellobiose, double mutants of the 
cellobiose-minus strains and strain 131, lacking the β-glucosidase, were created in order to see if 
mutations in both genes would eliminate growth on cellobiose as well as the activity on PNP-β-
Glc. 
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III. Materials and Methods 
Genome and proteome BLAST search for cellobiose-utilizing pathways 
 Amino acid sequences for cellobiose-utilizing genes in various bacterial and fungal 
species were obtained from www.uniprot.org. These sequences were input into two BLASTp 
search engines, available at: 
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_
LOC=blasthome and 
https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi?__wb_cookie=&__wb_cookie_nam
e=auth.rhime&__wb_cookie_path=/bacteria/annotation/cgi&__wb_session=WBYda_Dq&__wb
_main_menu=Genome&__wb_function=Blast 
The parameters for NCBI BLAST were Database: Reference Proteins, Organism: Sinorhizobium 
meliloti. The parameters for BLAST on the S. meliloti genome database were Target Database: S. 
meliloti 1021 proteome, Program: blastp, Expect cutoff value: 10000. Resulting sequences with 
the highest query cover, identity, and similarity were recorded. 
S. meliloti strains used in this work 
 All S. meliloti mutant strains used in this work were generated by Wacks in previous 
research by Tn5 insertion mutagenesis using E. coli as the vector donor.20 Wildtype S. meliloti 
strain 1021 was used. The main classes of mutants used include “cellobiose minus,” which show 
slowed and defective growth on cellobiose compared to the wildtype strain 1021 (Strains: 20731, 
20744, 307414, 30751, 307613). “Glucose minus” mutants were unable to grow on glucose 
(Strains: 20749, 307620, 30924, 30944). Strains 131 and 131-1 contain the Tn5 insertion in a 
putative gene that results in lowered β-glucosidase activity and possibly acts on cellobiose. The 
Tn5 transposon used contains a gene encoding resistance to the antibiotic neomycin in all strains 
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except 131-1, where it contains a gene coding for oxytetracycline resistance.23 All strains were 
retrieved from -70oC storage, and streaked onto on LB agar plates for use. 
Tn5 mutagenesis of S. meliloti23 
 Wildtype S. meliloti strain 1021 and E. coli strain MM294 containing the pRK602 
plasmid containing the Tn5 transposon were cultured on liquid LB media and LB media 
containing 50 μg/mL neomycin respectively.25 Two 1 mL aliquots of each culture were 
centrifuged and drained off. The E. coli was resuspended in LB, centrifuged and drained to 
remove neomycin. LB agar plates were prepared with sterile 0.2 μm nitrocellulose membrane 
filters, and the pellet of S. meliloti or E. coli were resuspended and pipetted onto control plates 
on top of the filters. The remaining pellet of S. meliloti and E. coli were mixed and similarly 
pipetted onto a plate with a filter and cells were incubated at 30oC overnight. The filters with S. 
meliloti control, E. coli control, and S. meliloti x E. coli were taken and suspended in 2 mL of M9 
salts and vortexed. A 10-fold dilution of the S. meliloti x E. coli was made and 50 μL each was 
spread onto 100 plates containing M9 agar with 0.4% glucose, 0.04% cellobiose, 400 μg/mL 
streptomycin, and 200 μg/mL neomycin. Control unmated cells were also plated, and plates were 
incubated at 30oC for a week. Colonies of interest that were relatively small in comparison to 
larger colonies on the same plate were picked and patched onto LB containing 400 μg/mL 
streptomycin and 200 μg/mL neomycin (LBSN) and allowed to grow. Picked colonies were 
replica plated onto LBSN, M9 0.4% glucose, and M9 0.4% cellobiose and allowed to grow. 
Colonies of interest that were able to grow on cellobiose, but not glucose were collected and 
streaked to purity. 
Transduction of 131-1 knockout into cellobiose-minus strains using фM12 bacteriophage24 
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 To prepare фM12 phage with 131-1 for transduction, strain 131-1 was grown overnight 
on 4 mL of liquid LB containing 2.5 mM CaCl2 and 2.5 mM MgSO4 (LBCM). 0.4 mL of the 
culture was transferred into 3.6 mL of LBCM and grown for two hours. 40 μL of фM12 was 
added after the two hours and incubated overnight. Four drops of chloroform were added to the 
culture which was vortexed for 30 sec. 1 mL each was transferred to four microfuge tubes and 
centrifuged for 1 min at 14000 rpm. The supernatant containing the phage was drawn off and 
stored. 
 For the transduction, the cellobiose-minus strains were grown up overnight on LBCM. 
Sterile microfuge tubes were prepared with 0.300 mL of cells and 30 μL of фM12 or 1.000 of 
cells and 10 μL of фM12. Controls containing only 30 μL phage or only 0.3 mL cells from the 
cellobiose-minus strains were prepared. The mixtures were incubated at room temperature for 15 
minutes, and centrifuged for 1 min at 14000 rpm. The supernatant was poured off and the 
contents of all microfuge tubes were washed twice with sterile 0.85% NaCl. Each mixture was 
resuspended in 0.100 mL 0.85% NaCl and plated onto LB containing 2 μg/mL oxytetracycline. 
Plates were incubated for 3-7 days and observed for the presence of colonies of double mutants. 
Double mutants were tested for neomycin resistance by streaking them onto LB containing 200 
μg/mL neomycin and then purified on LBSN. The strains were then tested again for resistance 
against oxytetracycline and neomycin by plating the strains onto separate LB plates containing 
one antibiotic or the other. 
Cell culture setup and data acquisition for growth curves 
 For all growth experiments, strains were initially inoculated from LB plates onto 4 mL of 
an initial liquid media indicated later for each specific experiment and incubated in 16 mm c 200 
mm test tubes in a 30oC water bath shaking at 200 rpm to a reasonable cell density (OD600 = 0.5 
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– 1.2). 10 μL of the cells in the initial media were transferred to 4 mL of the experimental liquid 
media to be measured over time and incubated similarly. All components of media used in this 
work are listed in Table 1.  
Table 1. Concentrations of all components of liquid media used in this work. 
Media Additions Final Concentrations of Components 
LB   10g/L tryptone, 5g/L yeast extract, 10g/L NaCl, 
15g/L granulated agar 
M9t-   1xM9 Salts (11.3g/L Na2HPO4•2H2O, 3g/L KH2PO4, 
0.5g/L NaCl, 1g NH4Cl), 1mM MgSO4, 0.25mM 
CaCl2, 5ng/mL CoCl2, 0.0025% tryptone, 1ng/mL 
biotin 
M9tGlc Glucose 10mM Glucose 
M9tCb Cellobiose 5mM Cellobiose 
M9tTrh Trehalose 10mM Trehalose 
LA9t-   1xLA9 Salts (11.3g/L Na2HPO4•2H2O, 3g/L 
KH2PO4, 0.5g/L NaCl), 1mM MgSO4, 0.25mM 
CaCl2, 5ng/mL CoCl2, 0.0025% tryptone, 1ng/mL 
biotin, 10mM lactate, 10mM aspartate 
LA9tNaCl26 NaCl 0.4M NaCl 
 
 For the comparison of growth of cellobiose minus mutants to the wildtype (WT) 1021, 
strains were initially inoculated onto M9t 10mM glucose and then transferred onto M9t 5mM 
cellobiose as well as M9t 10mM glucose and M9t- as controls. The same setup was used to test 
for possible reversion of mutant strains, except strains were not inoculated onto M9t-. For 
comparing the growth of cellobiose minus mutants to WT 1021 on trehalose, strains were 
initially inoculated onto M9t 10mM glucose and then transferred onto M9t 10mM trehalose and 
M9t 5mM cellobiose. For determination of increased osmoprotection of cellobiose minus 
mutants in comparison to WT 1021, strains were initially inoculated onto LA9t then transferred 
to LA9t and LA9t 0.4M NaCl. For the testing of glucose minus mutants for growth on cellobiose 
and trehalose, strains were initially inoculated onto LB and then transferred to M9t 5mM 
cellobiose and M9t 10mM trehalose. 
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 The absorbance or optical density (OD600) of cell cultures were taken at 600 nm using a 
Spectronic 20D+ of the original inoculum at the time of transfer to the experimental media, at 
time 0 for the experimental, and throughout the day at regular intervals until the turbidity of the 
cultures began to level off, which averaged from 4 to 7 days. OD600 vs. Hours after inoculation 
for the experimental media was plotted and averages with standard deviation are shown if 
replicates were done. 
Culture of cells and activity assays on lysed cells 
 Strains 1021 or 131 were cultured on M9t 10mM glucose or M9t 5mM cellobiose 
overnight to 24 hours in a 30oC shaking water bath. For a standard culture, strains were 
inoculated onto 4 mL media and harvested at an OD600 of 0.5~1.0. Cells were repeatedly spun 
down at 13000 rpm for 1 minute and drained to concentrate cells into microfuge tubes. For 
concentrated cultures, strains were inoculated onto 10 mL between two 16mm test tubes and 
harvested the same way. Cells were immediately taken down to -70oC storage unless fresh cells 
were to be used for an experiment. 
 For lysozyme lysis, cells were obtained from -70oC storage and washed 3 times each with 
0.4 mL of 50mM MES buffer of pH 7. Cells were then resuspended in a 0.4 mL solution 
containing 0.2 mL 100mM MES with 20mM EDTA and 0.2 mL 0.l μg/mL lysozyme and then 
incubated in a water bath for 5 minutes at 37oC. Cells were immediately frozen at -70oC until 
needed. In the experiments attempting to optimize cell breakage, the lysis was also conducted in 
conditions of without EDTA, and MES buffer was replaced with 50mM phosphate buffer pH 7.  
 Detection of PNP-β-Glc cleavage by β-glucosidase type enzymes was determined by 
measuring the colorimetric change of clear to yellow as PNP-β-glucose was cleaved. For the 
optimization of the assay, the reaction mixture of total volume 2.4 mL consisted of 50mM MES 
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or phosphate buffer at pH 7, 4mM PNP-β-glucose, 0.05 mL of thawed cell lysate, and diluted up 
to 2.4 mL with dH2O. Cell lysate was added last into a cuvette containing the rest of the reaction 
mixture and mixed, and absorbance readings at 405nm began immediately. Measurements were 
taken for 35 minutes.  
 For further PNP-β-glucose assays on lysed cells, only 50mM MES buffer was used, and 
samples were incubated in a 30oC water bath for 57 minutes and stopped with 1 mL of 1M 
Na2CO3 as opposed to constantly measuring absorbance. Controls included a sample containing 
only 0.05 mL cell lysate and dH2O, a sample containing all components except cell lysate which 
was replaced by buffer or dH2O, and a sample containing all components except PNP-β-glucose 
which was replaced by dH2O. After stopping the reaction, absorbance was measured at 550 nm 
and 405 nm for all samples, and at 600 nm for the controls as well.  
 This procedure was further adapted to test for β-glucosidase activity in the presence of 
ATP. The reaction mixture consisted of 50mM MES buffer at pH 7, 4mM PNP-β-glucose, 2mM 
ATP, 5mM MgCl2, 0.05 mL of thawed cell lysate, and diluted up to 2.4 mL with dH2O. Controls 
included all mentioned previously, in addition to another control containing all components 
except ATP and MgCl2 which was replaced by dH2O. Samples were incubated in a 30
oC water 
bath for 57 minutes and stopped with 1 mL of 1M Na2CO3. Absorbance measurements at 550 nm 
and 405 nm were taken for all samples, in addition to a reading at 600nm for controls. Attempts 
were also made to optimize this assay by increasing the ATP concentration to 4mM, as well as 
increasing or reducing the amount of cell lysate in the reaction mixture.  
 For detection of dehydrogenase activity, the colorimetric change of dark purple to clear 
was measured as DCPIP was reduced. Initial assays were performed with a reaction mixture of 
50mM MES buffer at pH 7, 10 mM cellobiose, 0.07 mM DCPIP, and 0.05 mL cell lysate 
Chu 24 
 
brought to a total volume of 2.4 mL with dH2O. Controls consisted of a sample containing all 
components except cell lysate which was replaced with MES+EDTA, and a sample containing 
all components except DCPIP which was replaced with dH2O. Cell lysate was added last to the 
cuvette, and spectrophotometric readings at 600 nm began immediately and lasted until A600 
stopped decreasing. 
 For the optimization of the DCPIP assays on lysed cells, samples in which MES buffer 
was replaced with phosphate buffer were run, similarly to optimization of the PNP-β-glucose 
assays. Data was only taken for the first 10 minutes to obtain the initial reaction rate. 
Miller assay, DCPIP and PNP-β-glucose assays by cell membrane disruption 
 These assays use membrane disruption as opposed to cell lysis mentioned in the previous 
assays, and any procedures not explicitly stated here should be taken from the previous. The 
Miller assay was adapted to detection of PNP-β-glucose cleavage by β-glucosidase.21  
 For toluene membrane disruption, frozen cells were resuspended in 1 mL of buffer, and 
divided into 0.2 mL aliquots into tubes which were diluted with buffer up to 1 mL. A drop of 
toluene was added to each and the samples were vortexed for approximately 30 seconds. 
Samples were then shaken in a 30oC water bath for 1 hour. After incubation, the remaining 
components of the reaction mixture listed in the previous section were added. For the DCPIP 
assays the final volume was 1.5 mL, and for the PNP-β-glucose +/- ATP assays the final volume 
was 2.4 mL. Cells were incubated for an hour and the respective absorbance measurements were 
taken after stopping the reactions. 
 For Triton-X 100 membrane disruption and DCPIP assay, cells were resuspended in 
50mM MES buffer pH 7 to an OD600 of 0.2 and 0.15 mL of 1% Triton-X 100 was added in with 
the DCPIP assay mixture detailed in the previous section. Cells were incubated for 10 minutes at 
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30oC and centrifuged to stop the reaction and the supernatant was transferred to take absorbance 
readings at 600 nm. 
Qualitative test for β-glucosidase activity on cellobiose-minus mutants 
 Strains 1021, 131, and the cellobiose-minus strains were grown on M9t with glucose for 
one day. 1 mL of each culture was transferred to microfuge tubes and centrifuged to remove the 
M9t media. The cells were resuspended in 1 mL of Z buffer without 2ME (refer to previous 
methods), and transferred to test tubes.21 Three drops of toluene were added to each tube and 
vortexed, and then 200 μL of 7230 μg/mL (24mM) PNP-β-Glc was added. The reaction mixture 
was incubated at 30oC for 20 min, and the reaction was stopped with 1 mL of 1M Na2CO3. The 
color of the reaction mixture of the cellobiose-minus strains was observed and compared to that 
of the wild type (1021) and strain 131. 
  
Chu 26 
 
IV. Results 
Genome and proteome BLAST search for cellobiose-utilizing pathways 
 Results for the possible, or putative, proteins in S. meliloti with the highest % Identity or 
match to the amino acid sequence in other species is displayed in Table 2 along with the % 
Query cover. 
Table 2. Genes encoding functional proteins in organisms are paired up with the respective 
matching sequence in S. meliloti. The description of the S. meliloti match was obtained from 
https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi . Query cover, Identity, and 
similarity are shown in percentages between each of the two compared sequences. 
Organism Gene Function 
S. meliloti 
Highest 
Match 
Accession 
Description of 
S. meliloti 
Gene 
Query 
Cover 
(%) 
% 
Identity/ 
Similarity 
Agrobacterium 
sp. ATCC 
abg beta-glucosidase SMc03160 putative beta-
glucosidase 
98 75/85 
Agrobacterium 
tumefaciens 
cbg-1 beta-glucosidase SMc03160 putative beta-
glucosidase 
78 38/52 
Phanaerochaete 
chrysosporium 
cdh-
1/cdh-2 
cellobiose 
dehydrogenase 
SMb20496 choline 
dehydrogenase 
69 25/39 
Agrobacterium 
tumefaciens 
thuB oxidoreductase 
involved in 
trehaose 
metabolism 
SMb20330 Putative 
oxidoreductase 
involved in 
trehalose 
catabolism 
99 76/85 
Clostridium 
thermocellum 
cbp cellobiose 
phosphorylase 
SMc04383 Beta-(1,2)-
glucan 
production 
associated 
transmembrane 
protein 
99 27/44 
Klebsiella 
pneumoniae 
bglK cellobiose 
kinase 
SMc03109 putative 
fructokinase 
94 25/42 
E. coli chbF 6-phospho-beta-
glucosidase 
SMb21463 alpha-
galactosidase 
95 28/47 
E. coli bglA/bgl
B 
6-phospho-beta-
glucosidase 
SMc03160 putative beta-
glucosidase 
97 31/46 
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Growth of Mutant S. meliloti Strains on Cellobiose 
 The cellobiose-minus mutant S. meliloti strains (20731, 20744, 307613, 30751, 307414), 
β-glucosidase minus (131), and β-glucosidase overproducer (381) were grown on liquid M9t 
media containing 5mM cellobiose and the OD600 was taken at regular intervals throughout the 
day. Figure 10 shows a growth curve of two representative cellobiose-minus mutants out of five, 
131, and 381 compared to the wildtype strain 1021. Growth of 1021, 131, and 381 peaked at 
about 50 hours post-inoculation, whereas all cellobiose-minus mutants showed slow growth, and 
eventually peaked at an OD600 similar to that of the wildtype at around 110 hours post-
inoculation despite their original classification as cellobiose-minus. 
 
 
 
Figure 10. Growth of mutant S. meliloti strains on liquid minimal media 
containing 5 mM cellobiose. Two out of five total cellobiose-minus 
mutants are shown (20731, 20744, 307613, 30751, 307414). 1021 is the 
control wildtype strain. OD600 is the absorbance measured at 600 nm. 
 
Testing the Possibility of Reversion in Mutant Strains 
 The observation of slow, but eventual growth of cellobiose-minus mutants on M9t media 
with cellobiose was also previously reported in work done by Kibitkin and had been attributed to 
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the occurrence of reversion in the mutant strains.19 This hypothesis was tested by comparing the 
growth of the potential revertants to the wildtype. Figure 11 shows the growth of the potential 
revertants (harvested 6 days post-inoculation) on M9t plates containing 5mM cellobiose. There 
was little to no growth compared to the wildtype strain 1021 three days post-streak (Fig. 11A), 
but eventually the potential revertants did grow up as indicated by photos taken six and seven 
days post-streak (Fig. 11BC). Mutant strains 131 and 381 show growth on cellobiose that is 
comparable to the wildtype on agar plates, similar to their growth on liquid media. Although the 
amount of cells observed is not quantitative, the required duration for growth is comparable to 
the observed growth on liquid media.  
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Figure 11. Growth of S. meliloti potential revertant strains on M9t media with 5mM 
cellobiose. Photos were taken (A) 3 days, (B) 6 days, and (C) 7 days post-streak. The 
indicated strains are, from left to right and top to bottom across both plates, 1021 (WT), 
131, 20744, 307613, 381, 20731, 30751, 307414.  
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 In order to quantify growth of the potential revertants and determine if reversion was 
occurring in the cultures, cells were taken from a culture on M9t 5mM cellobiose media three 
days post-inoculation and 0.5 μL was spotted onto M9t 5mM cellobiose agar plates at various 
concentrations in order to isolate colonies (Fig. 12). From left to right, the four dilutions plated 
of the original culture are 10-7:1, 10-6:1, 10-5:1 and 10-4:1 (Fig. 12). Photos were taken 5 days 
after spotting cells and extremely small colonies were observed at the highest concentration of 
cells for all mutants, although it is difficult to visualize in Figure 12. An approximate colony 
count was taken 6 days after spotting the cells. One isolated colony of the potential revertants for 
each strain was then inoculated onto M9t media containing 5mM cellobiose in order to measure 
growth over time (Table 3).  
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Figure 12. Potential revertants of cellobiose-minus strains (20731, 20744, 307613, 
30751, 307414) spotted onto M9t media containing 5mM cellobiose. The four 
concentrations plated, from left to right, are 10-7, 10-6, 10-5, 10-4 of the original liquid 
culture. Strain 1021 was also plated on each in the same concentrations as a control. 
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Table 3. Colony count of cellobiose-minus potential revertant cells spotted onto M9t 
media containing 5mM cellobiose at concentrations listed in relation to the original 
culture. Values for the wildtype strain (1021) were averaged across all five plates 
while values for mutant strains are from one plate each. Lawn = colonies were not 
distinct and could not be counted. N/A = no colonies were observed at the specified 
concentration. 
  Concentration (in relation to original culture) 
Strain 10-7 10-6 10-5 10-4 
1021 
(WT) N/A 2.8 27.6 Lawn 
20731 N/A N/A 1 37 
20744 N/A 1 3 28 
307613 N/A 1 6 47 
30751 N/A N/A 9 45 
307414 N/A 2 6 37 
 
 Figure 13 shows the growth of the isolated late-stage cells of the cellobiose minus 
mutants compared to the original mutant strains and the wildtype strain. Based on the similarity 
between the growth curve for the original mutants and the late-stage cells, it was concluded that 
the Tn5 insertion into the S. meliloti genome was stable and reversion was not occurring. This 
led to the question of what was responsible for the slow eventual growth of the cellobiose minus 
mutants on cellobiose. 
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Figure 13. Growth of potential revertants (“Test”) derived from cellobiose-minus mutant 
strains in comparison to original mutant strains and the wildtype strain (1021) on M9t 
media containing 5mM cellobiose. 
 
Growth of Cellobiose-minus Strains on Trehalose 
 To determine whether the enzyme responsible for this residual growth on cellobiose was 
nonspecific and involved in the metabolic pathway of another disaccharide, trehalose, the growth 
of the cellobiose minus mutants was measured on M9t media containing 10mM trehalose. The 
growth of the S. meliloti mutants on trehalose was comparable to that of the wildtype and further 
provides evidence for results found by Ampomah that the thuEFGKAB locus found in A. 
tumefaciens and S. meliloti is not responsible for growth on cellobiose (Figure 14).13 The growth 
of the cellobiose-minus mutants on sucrose was not examined since enzyme assays involving 
DCPIP, which will be explained later, suggests that the pathway of cellobiose metabolism does 
not involve its oxidation. 
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Figure 14. Growth of WT and cellobiose-minus mutant S. meliloti strains 
on minimal media containing 10mM trehalose. 
 
Enzyme Assays for DCPIP Reduction and Oxidation of Cellobiose by Putative Dehydrogenase 
 Although no evidence was found for reduced growth on trehalose of the cellobiose-minus 
mutants, there was still a possibility that cellobiose was metabolized by S. meliloti by oxidation 
to 3-ketocellobiose due to an enzyme apart from that encoded by the thuB homolog in A. 
tumefaciens.13 To determine if there was an observable oxidation/reduction occurring with 
cellobiose as a substrate, the reduction of DCPIP by the putative enzyme was measured in a 
solution containing cellobiose. A control lacking the cell lysate was used to ensure that any 
decrease in absorbance was due to the reduction of DCPIP.  Lysed wildtype cells grown on 
cellobiose were shown to have a small decrease in absorbance at 600 nm, but the cellobiose itself 
was likely not the substrate being oxidized, as the observed reduction of DCPIP, indicated by the 
change in absorbance, was similar in the conditions of with and without cellobiose (Figure 15). 
The decrease in absorbance over time for cells grown on cellobiose was comparable to the 
decrease in cells grown on glucose, suggesting that the dehydrogenase being observed is not 
being induced by cellobiose and is present in the lysate of cells grown on glucose. Using a lower 
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concentration of the cell lysate also reduced the total activity in addition to the rate (Figure 16). 
Attempts to optimize the activity by changing the buffer present during cell lysis and during the 
reaction, changing the method of cell permeabilization (using toluene or Triton-X 100), or 
changing the substrate to NAD+ yielded similar results. None of the changes caused an increase 
in the activity despite the high concentrations of cellobiose and DCPIP in the reaction mixture. 
This suggests that remnants in the cell extract were used as substrates that resulted in the small 
absorbance change that leveled off shortly, but it is unlikely that the cellobiose itself was being 
oxidized. 
 
Figure 15. Absorbance change over time of DCPIP reduction by a putative 
oxidase/dehydrogenase found in cell extracts of wildtype S. meliloti. A control 
containing all components except cell lysate (Lysate -) was used, as well as 
controls containing all assay components, either glucose- or cellobiose-grown 
cells, but no cellobiose in the reaction (cellobiose -). The experimental condition 
(Exp.) contained all assay components. Values for the runs were corrected by 
subtracting the A600 of a solution containing all components but DCPIP. 
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Figure 16. Absorbance change over time by reduction of DCPIP by a putative 
oxidase/dehydrogenase found in cell extracts of wildtype S. meliloti. The legend 
indicates the media that the cells were originally grown on and the volume of lysate 
used. A control containing all components except cell lysate was used (Lysate minus). 
Values for the experimental runs were corrected by subtracting the A600 of a solution 
containing all but DCPIP. Error bars for the trials of 50 uL of cellobiose-grown cells 
represent standard deviation, n = 5. 
 
Enzyme assays for β-Glucosidase Activity 
 The Miller assay for β-glucosidase activity was done on S. meliloti strains 1021 and 131. 
The activity is shown in Miller Units and is calculated using the equation, Miller Units  = 
1000*(A405 – (A405N/A550N)*A550)/(A600N*Volume(mL)*Time(min)), where A405 and 
A550 are the absorbances for the experimental sample at 405 nm and 550 nm respectively and 
A405N, A550N and A600N are the absorbances at the respective wavelengths for a cuvette only 
containing resuspended cells in Z buffer + 2ME.21 A 30-fold decrease in activity compared to the 
wildtype strain 1021 was observed as the result of knocking out a constitutive β-glucosidase 
(strain 131) (Table 4). 
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Table 4. β-glucosidase activities in strains of S. 
meliloti. Activities are shown in Miller Units +/- 
standard deviation for 3 replicates of each strain.  
Strain β-glucosidase activity units 
1021 58 ±2 
131 2 ±0.1 
 
 A modified version of the PNP-β-glucose assay was conducted on wildtype (1021) cells 
grown on cellobiose that had been lysed instead of toluenized, and for the condition of phosphate 
buffer instead of MES buffer. Since a phosphorylase would use inorganic phosphate during the 
cleavage and phosphorylation of cellobiose, comparing the activity of the assays on phosphate 
and MES buffer allowed us to determine if phosphate was used in some way that resulted in 
breakdown of PNP-β-Glc. From Figure 17, the absorbance at 405 nm, normalized by dividing 
the A405 by the A600 of the harvested cells prior to cell breakage, indicated that there was not a 
large difference in enzyme activity over time between the two different conditions. 
 
Figure 17. Absorbance at 405 nm over time for the assay measuring PNP-
β-Glc cleavage with and without the presence of phosphate or EDTA. 
Absorbance was normalized to the OD600 of the culture the cells were 
obtained from. 
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The last condition tested for the assays with PNP-β-Glc included MES buffer with and without 
ATP in the reaction mixture. The A405 value for the lysate alone and all components except 
lysate was subtracted from the experimental values and shown in Table 5. Figure 18 represents 
the same data graphically. For almost all comparisons of cellobiose-grown and glucose-grown 
cells, as well as the comparisons of cells grown in the presence or absence of ATP, the t-test p-
values obtained were less than 0.05, showing statistical significance at the 95% confidence 
interval.  Values that were not statistically significant were found for glucose-grown 1021 
compared with and without the presence of ATP as well as glucose-grown 131 compared with 
and without the presence of ATP.  
Table 5. Absorbance values at 405 nm for S. meliloti strains 1021 wildtype and 131 grown on 
various saccharides, lysed and assayed for β-glucosidase activity by PNP-β-glucose cleavage 
with or without the presence of ATP. Values were corrected by subtracting the A405 values for a 
sample containing only lysate and a sample containing all components except lysate. Two runs 
with three replicates each were done for cellobiose-grown 1021 cells assayed with ATP. Three 
runs with three replicates each were done for cellobiose-grown 1021 cells assayed without ATP. 
Four runs with three replicates each were done for cellobiose-grown 131 cells. There was one 
run with three replicates done for all glucose-grown cells. 
Cell culture Assay  Corrected A405 
Cellobiose-grown 1021 ATP+ 0.377 ± 0.121 
 
1021 ATP- 0.419 ± 0.105 
 
131 ATP+ 0.0792 ± 0.035 
 
131 ATP- 0.0213 ± 0.021 
Glucose-grown 1021 ATP+ 0.199 ± 0.014 
 
1021 ATP- 0.238 ± 0.027 
 
131 ATP+ -0.003 ± 0.005 
  131 ATP- -0.0247 ± 0.024 
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Figure 18. Data from Table 5 represented graphically. 
 
 A qualitative test was performed on the cellobiose-minus mutants by adding PNP-β-Glc 
to cultures of toluenized cells resuspended in Z buffer and incubating them until a change in 
color was observed. After 20 minutes, all of the cellobiose-minus mutant strains were observed 
to have a similar intensity of yellow color to the wildtype strain, indicating that β-glucosidase 
activity was comparable to the wild-type strain, whereas strain 131 did not show any noticeable 
activity (Figure 19). This confirms that the cellobiose-minus strains do not have mutations in the 
β-glucosidase that is mutated in strain 131. 
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Figure 19. Photo of stopped reaction for the qualitative β-glucosidase assay. 
Strains pictured, from left to right are 20731, 20744, 307613, 307414, 30751, 
1021, 131. 
 
Growth of glucose-minus mutants on cellobiose and trehalose 
 Mutant S. meliloti strains that were unable to grow on glucose were used to determine if 
there was a pathway of cellobiose utilization that did not require the conversion of cellobiose to 
glucose. Strains 1021, 20749, 307620, 30924, and 30944 were grown on both M9t media 
containing cellobiose or trehalose to determine if growth was possible on either despite the 
inability of the strains to grow on glucose. Growth was limited on both types of media for all 
strains when compared to the wildtype (1021), and all glucose-minus strains reached their peak 
optical density at a lower value well before 1021 reached its peak (Figure 20). The experiment 
was run twice and strain 20749 consistently was able to maintain growth for longer than the 
other mutant strains, although the time frame was still not comparable to strain 1021.  
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Figure 20. Growth of glucose minus mutants on (A) cellobiose and (B) 
trehalose. n = 3 for all strains. Error bars represent standard deviation. 
 
Tn5 mutagenesis of S. meliloti for cellobiose-plus, glucose-minus mutants 
 In this mutagenesis, the creation of S. meliloti strains unable to grow on glucose, but able 
to grow on cellobiose was attempted. Successful mutants were expected to grow into small 
colonies on M9t plates containing 0.4% glucose and 0.04% cellobiose since they would be able 
to grow on the minimal amount of cellobiose, but not on glucose. The attempt was unsuccessful 
due to technical difficulties that included not being able to determine relative size of colonies of 
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transductants. None of the picked and patched colonies showed growth on cellobiose while not 
showing growth on glucose, so it seems likely that growth of S. meliloti on cellobiose proceeds 
through glucose or glucose derivatives. 
Transduction of 131-1 knockout into cellobiose-minus strains using фM12 bacteriophage 
 Double mutant S. meliloti strains were successfully created from strains 131-1 and each 
of the five cellobiose-minus strains through фM12 phage strain construction (Table 6). After 
trial and error in determining the correct ratio of bacteria to phage for a successful transduction, 
the concentrations described previously in methods provided a suitable number of successful 
transductants (Table 7). Due to the variability in amount of phage harvested during production, 
estimating the amount present by testing the phage against wildtype S. meliloti on LBCM agar 
plates helped gauge the ratio that should have been used. The newly created 131-1 x cellobiose-
minus strains were streaked onto LB plates containing neomycin or oxytetracycline to confirm 
that the respective Tn5 insertion mutations were present, and Figure 21 shows the double mutant 
compared to both parent strains and the wildtype 1021. 
Table 6. List of mutant S. meliloti strains created 
using фM12 phage transduction. Lineage is read as 
(Strain used to create phage x Strain infected with 
phage). 
Lineage  Strain # 
131-1 x 20731 20731-131-1A 
131-1 x 20744 20744-131-1A 
 
20744-131-1B 
 
20744-131-1C 
131-1 x 307414 307414-131-1A 
 
307414-131-1B 
 
307414-131-1C 
131-1 x 30751 30751-131-1A 
 
30751-131-1B 
131-1 x 307613 307613-131-1A 
  307613-131-1B 
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Table 7. Observed number of mutant S. meliloti strains 
of interest for the transduction of фM12-131-1 phage 
into cellobiose-minus strains. 
Transduced Strain 
1.00mL cells : 
10μL  φM12 
300 μL cells : 
30 μL φM12 
20731 1 0 
20744 2 1 
307414 2 0 
30751 2 2 
307613 3 0 
 
 
 
Figure 21. Growth of 1021, 131-1, a respective cellobiose-minus x 
131-1A double mutant strain, and respective cellobiose-minus 
strain on (A) LB Neomycin and (B) LB Oxytetracycline. 
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Growth of cellobiose-minus x 131-1 double mutants on cellobiose 
 The growth of the double mutants on cellobiose was measured to determine if there was a 
reduction in growth in comparison to the cellobiose-minus parent strain. There was a significant 
decrease in growth of the double mutants, and it is likely that they are unable to grow on 
cellobiose at all, indicating that the β-glucosidase knocked out in strain 131-1 is partially 
responsible for cellobiose metabolism in S. meliloti (Fig. 22). 
 
Figure 22. Growth of cellobiose-minus strains and derivative cellobiose-minus x 131-
1 double mutant strains on M9t media with 5 mM cellobiose. 
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V. Discussion of Results 
 By understanding how S. meliloti metabolizes cellobiose, that knowledge can be used in a 
way to manipulate the environment or organism in order to improve bacterial growth and 
competitiveness in the soil. In this work, four potential methods of cellobiose metabolism in 
other bacterial species were tested in S. meliloti, shown again for reference (Figure 5).  
 
Figure 5. Pathways of cellobiose metabolism observed in bacterial species. 
 The approach towards this question began with determining which pathway of cellobiose 
metabolism was most likely in S. meliloti through analyzing the genome for sequences that 
corresponded to the enzymes used in each pathway. (Table 2) showed that S. meliloti contained 
an encoded β-glucosidase at Smc03160 that matched various cellobiose-metabolizing enzymes 
in A. tumefaciens and other bacterial species. This gene was also found in one of the clusters in 
Kibitkin’s work, and caused us to start looking at the pathway that utilized a β-glucosidase, in 
which cellobiose is hydrolysed to two glucose molecules.19  
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 Using previously mutagenized strain 131, containing a knock-out mutation in a β-
glucosidase, the growth of these strains on minimal media containing cellobiose was determined 
to be comparable to the wildtype strain, 1021 (Figure 10).20 This originally led to the conclusion 
that the β-glucosidase was not required to metabolize cellobiose. Five S. meliloti strains (20731, 
20744, 307414, 30751, 307613) which were previously identified to lack growth on cellobiose 
on agar plates, were shown to have activity on PNP-β-Glucose while strain 131 did not, meaning 
that the slowed growth of the cellobiose minus strain was not due to disruption of the β-
glucosidase (Figure 19). 
 Interestingly, the cellobiose-minus strains did not show a complete reduction in growth 
and residual growth over time was seen on minimal media with cellobiose (Figure 10). The 
residual growth of the cellobiose-minus strains indicates the possibility of an alternative pathway 
to cellobiose metabolism other than the pathway disrupted in the cellobiose-minus strains. 
Because this growth can result from a few possibilities, including unwanted reversion of mutant 
strains, cells of the cellobiose-minus strains were allowed to grow on cellobiose in order to 
facilitate any reversion that would occur, and the resulting cells were streaked to purity on M9t 
agar containing cellobiose and examined for growth on liquid M9t media containing cellobiose. 
The growth measurements of the potential revertants were nearly identical to the original mutant 
cellobiose-minus strains, and provided evidence against the possibility of reversion (Figure 13). 
Since residual growth of the cellobiose-minus strains on cellobiose was shown to probably not be 
due to reversion, alternative methods to the pathway affected by the “cellobiose-minus” mutation 
become a possibility.  
 To further investigate the conclusion of multiple pathways for cellobiose metabolism, we 
attempted to find enzyme activity that would correspond to any of the four pathways outlined in 
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Figure 5 through various assays. Through this process, pathways that were not being used by S. 
meliloti were able to be eliminated. The assay that tested for the presence of a phosphorylase 
showed that there was no increase in activity in the presence of phosphate vs. no phosphate, 
indicating that the pathway was unlikely in S. meliloti (Figure 17). The growth of the cellobiose-
minus mutants on trehalose was observed in order to address the possibility of cellobiose 
oxidation and hydrolysis, and determine whether the mutated gene was somehow related to the 
thu locus in A. tumefaciens.13 Although the results for growth of the cellobiose-minus strains on 
trehalose suggested that the mutated gene was not involved in trehalose metabolism, that only 
eliminated the possibility that the thu locus was involved, but there may still have been another 
cellobiose-oxidizing gene (Figure 14). To address that issue, the oxidation of cellobiose was 
assayed by measuring the reduction of DCPIP in a reaction mixture containing lysate of wildtype 
cells grown on cellobiose. The results obtained show that there is no difference in the activity 
when cells are assayed with or without cellobiose in the reaction mixture, meaning that 
cellobiose is not being oxidized, and something else in the lysate is being oxidized instead 
(Figure 15). When the amount of lysate added to the reaction mixture was lowered, the decrease 
in absorbance was slowed, showing that there was an enzyme capable of oxidizing DCPIP in the 
lysate, but the previous result suggests that it is not involved in oxidation of cellobiose (Figure 
16). From this data, we can conclude that oxidation reactions are occurring in the cell, but it is 
unlikely that cellobiose is being oxidized, making the proposed pathway less likely.  
 There was the possibility that cellobiose was metabolized in a way that did not proceed 
through its conversion to glucose, which would not be included in the four pathways outlines, 
and two experiments were done to attempt to address that issue. Growth of glucose-minus 
mutants initially created by Dr. Wacks on liquid cellobiose media was measured, but none of the 
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strains were able to grow on cellobiose (Figure 20).20 Additionally, Tn5 mutagenesis on strain 
1021 was unable to produce strains that were able to grow on cellobiose, while not being able to 
grow on glucose. Both of these results suggest that metabolism of cellobiose must proceed 
through a glucose intermediate in S. meliloti. 
 The last pathway to be tested for enzyme activity involved phosphorylation and cleavage 
by a kinase and phospho-cellobiosidase. For this set of experiments, both the wildtype strain 
(1021) and the β-glucosidase-minus (131) were tested, as it was known that the β-glucosidase 
would show activity in strain 1021. 131 lacked that β-glucosidase so the activity in the 
diminished background could be observed. When the enzyme activity of strain 131 was 
compared, it showed a greater activity on PNP-β-Glc when the reaction contained ATP, as well 
as when 131 was grown on cellobiose as opposed to glucose (Figure 18). These two results 
suggest additional evidence for a cellobiose-induced pathway that utilizes ATP in order to 
phosphorylate PNP-β-glucose followed by its breakdown, perhaps by phosphocellobiosidase, 
and therefore, breakdown of cellobiose. Additionally, the β-glucosidase that is functional in the 
wildtype strain also seems to show induction by cellobiose, providing evidence for the idea that 
the β-glucosidase is involved in cellobiose metabolism (Figure 18). The increase in activity for 
the wildtype without ATP is possibly due to the PNP-β-glucose becoming a worse substrate for 
the β-glucosidase after being phosphorylated, but this has yet to be tested.  
 Although it was shown that disruption of the β-glucosidase gene did not have a 
noticeable effect on growth of strain 131 on cellobiose, it may still be partially responsible for a 
small amount of the growth. To determine whether the β-glucosidase was involved, the mutated 
β-glucosidase was transduced into each of the five cellobiose-minus strains using bacteriophage 
φM12 and growth of the resulting double mutants on cellobiose was measured. The double 
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mutants showed a significantly decreased growth on cellobiose in comparison to the parent 
cellobiose-minus strains, confirming that the β-glucosidase was responsible for the residual 
growth of the cellobiose-minus strains (Figure 22).  
 Overall, data that supports a clear pathway consisting of a kinase and 
phosphocellobiosidase for the metabolism of cellobiose in S. meliloti, while a β-glucosidase has 
also been found to be involved. Although the results support these conclusions, repetition of 
observed growth and enzymatic activity should be used to confirm them. Because the majority of 
enzyme assays in this work were done in order to optimize the procedure, repetition of those 
assays would provide more conclusive results and allow for accurate statistical analysis of the 
differences between each test group. Additionally, the procedure of preparation of cell lysate and 
isolation of the desired proteins could be further optimized in order to obtain a more quantitative 
and accurate measure of the activity on PNP-β-Glc. Assays on the created double mutants are 
also planned in order to deduce what type of protein is disrupted in each of the five cellobiose-
minus mutants. The possibilities for types of proteins include the putative kinase, 
phosphocellobiosidase, and a transporter to move cellobiose into the cell. Another route of 
continuation for this project would be to isolate the DNA surrounding the Tn5 insertions in order 
to determine the sequence at those sites. One of the possible genes that may be involved in 
cellobiose metabolism is Smc03160, which was found to have sequence similarity to β-
glucosidases in other bacterial species, and may encode the β-glucosidase that is partially 
responsible for cellobiose metabolism. Determining the sequence would provide valuable 
information concerning the location of the mutation in the S. meliloti genome and a more 
complete picture of cellobiose metabolism. 
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